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 
Abstract— Resonant MEMS accelerometers offer the potential 
for very high resolution and wide bandwidth measurements over 
a large input dynamic range. The read-out is implemented by 
constructing an oscillator with the resonator as the primary 
frequency determining element. The noise of this oscillator 
front-end typically determines the resolution of the device, and 
the noise floor is set by the modulation of operative noise 
processes by the system dynamics. The resonator element is 
typically operated in the linear regime to prevent the detrimental 
impact of resonator non-linearities on noise conversion limiting 
frequency stability. However, by operating at higher drive power 
levels it is possible to also increase the signal-to-noise ratio for 
sufficiently large input frequencies. This paper shows that 
improved device performance over a wide bandwidth is possible 
by employing appropriate amplitude and phase feedback schemes 
to optimally bias the resonator thus enabling both short-term and 
long-term measurements with an electrically tuneable resolution.  
 
 
Index Terms—MEMS resonator, Resonant sensor, Oscillator, 
MEMS sensor interface 
 
I. INTRODUCTION 
EMS accelerometers have been applied to a large 
spectrum of applications ranging from automotive 
control and safety systems, consumer electronics for 
mobile phones and gaming consoles and wearable healthcare 
devices, thanks to the advantages of batch manufacturability, 
small form factor, low power consumption and the potential for 
CMOS co-integration. Recently applications demanding higher 
accuracy have emerged including pedestrian navigation and 
seismology [1-4], motivating the necessity for improvement in 
inertial measurement accuracy for MEMS accelerometers. 
While a number of factors impact overall measurement 
accuracy, noise-limited resolution and bias stability have been 
widely cited as key comparison metrics for MEMS 
accelerometers.  
 
A number of techniques for the transduction of inertial forces 
have been proposed including capacitive, optical, 
piezoresistive, piezoelectric, electromagnetic and resonant 
frequency shift based techniques [5-9]. The vast majority of 
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commercial off-the-shelf MEMS accelerometers are based on 
capacitive techniques. One of the primary limitations with 
capacitive and other displacement measurement techniques 
applied to accelerometers is that the sensitivity is inversely 
proportional to the natural frequency squared, and hence 
increased sensitivity usually results in both decreased dynamic 
range and measurement bandwidth. Even though closed-loop 
force-feedback techniques applied to capacitive accelerometers 
can address the sensitivity-bandwidth to a certain extent [10], 
such devices still suffer from the significantly reduced 
robustness to shock and vibration and the low frequency 
response is typically limited by 1/f and higher order parametric 
noise injected by the measurement interface circuits. As 
opposed to capacitive techniques, the sensitivity of resonant 
techniques is impacted by a number of parameters not directly 
related to mechanical bandwidth and hence allows for designs 
that can achieve equivalent sensitivities, improved bias stability 
and low frequency noise performance without sacrificing 
mechanical robustness. Previous work, including work 
published by our group has resulted in resonant accelerometers 
demonstrating sub-g resolution [11, 12].  
 
It is known that the intrinsic noise limited resolution of a 
resonant MEMS accelerometer varies for acceleration signals 
at different frequencies[9]. The front-end for a resonant MEMS 
accelerometer is usually an oscillator circuit and the phase 
noise of the oscillator is the primary determinant of the noise 
performance of the sensor. Non-linear effects operative in the 
resonator, transducer or associated circuitry can result in low 
frequency noise up-mixing onto the carrier frequency limiting 
achievable resolution at lower frequencies.  However, this 
effect has not been systematically studied in the context of a 
resonant MEMS accelerometer. This paper reports on an 
experimental study where the driving point of the front end 
oscillator is varied to operate under varying linear and 
non-linear driving conditions for the resonator and examining 
the consequent impact on the resolution of the sensor. It is 
shown that optimal driving conditions for optimizing the 
accelerometer resolution and bias stability exist. Furthermore, 
it is shown that the choice of the optimal operating point is 
different, depending on whether the accelerometer is being 
designed for low input frequency or high input frequency 
conditions. As the operating point is set by varying the 
gain/phase conditions within the oscillator loop, it is possible to 
electrically tune the resolution of the accelerometer and set the 
operating point dynamically in a practical application. 
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II. RESOLUTION OF RESONANT MEMS ACCELEROMETERS 
The resonant MEMS accelerometer measures input 
acceleration from the shift of the resonant frequency of sensing 
element (e.g. a double-ended tuning fork resonator). As an 
effective and elegant solution, the sensing resonator of resonant 
MEMS accelerometer is embedded in a self-sustained 
electromechanical oscillator loop. When the sensing resonator 
is operated in its linear regime, the frequency of oscillator 
output signal automatically tracks the resonant frequency 
variations of the sense beam resonator[13] and the input 
acceleration can be derived by using the pre-calibrated scale 
factor of the accelerometer. In case of small acceleration input, 
the scale factor of resonant accelerometer operated in linear 
region is given by: 
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where 𝑆𝐹 is the scale factor of linear lateral stiffness on axial 
force[9], 𝑀𝑃  is the proof-mass of accelerometer, 𝐴𝐿𝑣𝑟  is the 
inertial force amplification factor[8, 9] and 𝑎𝑖𝑛  is the input 
acceleration. The resolution of the resonant MEMS 
accelerometer can be correlated to the frequency fluctuations of 
the output signal of the oscillator, and the minimum detectable 
acceleration can be expressed as: 
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where  0nf f is the fractional frequency variance of the 
output signal of frequency tracking oscillator without 
acceleration input, 
0f  is the measured average frequency of the 
oscillator output signal over a certain period of measurement 
and 
AxlS  is the scale factor of accelerometer in the unit of 
Hz/m/s
2
. Since the nonlinear operation of the sensing resonator 
does not significantly change the scale factor of the resonant 
accelerometer, the resolution of accelerometer operated in 
linear and nonlinear region can be directly evaluated by 
comparing the frequency stability of the oscillator output signal 
in those cases. 
The frequency stability or the phase/frequency noise of linear 
and nonlinear MEMS oscillators has been studied previously 
[14, 15]. For a given MEMS resonator operated in linear 
regime, the frequency stability is limited by vibration amplitude 
and Q factor. In previous studies [16, 17], it was demonstrated 
that operating the MEMS resonator at a specific critical 
bifurcation point can improve the overall phase/frequency 
noise level of the oscillator compared to operating the resonator 
in the linear region. Normally, operating MEMS resonator in 
the nonlinear regime degrades the frequency/phase noise due to 
undesired amplitude-to-phase, amplitude-to-frequency and 
phase-to-frequency noise conversion. However, our recent 
study [18] showed that the frequency noise level of oscillator 
can be reduced when the MEMS resonator is biased at an 
optimal phase feedback condition (by choosing a specific value 
of loop phase shift ∆) to minimize the frequency to phase noise 
conversion for the resonator operated in the non-linear regime 
with vibration amplitude much larger than the linear threshold. 
Since unwanted noise conversion in nonlinear operation can be 
managed, it is possible to benefit from the large vibration 
amplitude of resonator and increased signal to noise (SNR) 
within the loop to lower the white frequency noise level on the 
oscillator output signal.   
The frequency stability of oscillators can be characterized in 
frequency-domain or time-domain and the intrinsic noise 
limited resolution of the accelerometer can be expressed in two 
different ways: By using the tool of phase/frequency noise 
power spectral density (PSD), the minimum detectable input 
acceleration of the resonant accelerometer is given by[19]: 
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where the 0  is the measured average frequency (same as 0f
in Eq. 2), f  is the Fourier frequency of the noise power 
density spectrum, B  is the frequency measurement bandwidth 
for the oscillator output signal, d  is the time scale over which 
frequency drift needs to be considered,  yS f  is the fractional 
frequency noise power density spectrum of the oscillator output 
without acceleration input or seismic noise to the 
accelerometer. It is clear that the frequency noise power density 
close to zero determines the resolution of accelerometer for 
quasi-static input acceleration, whereas the frequency noise 
power density far from zero determines the resolution of 
accelerometer for high frequency input acceleration. 
In time domain, by using the tool of Allan Variance (AVAR), 
the minimum detectable input acceleration of the resonant 
accelerometer is given by:, 
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where the   is the averaging time of frequency measurement 
and  y   is the Allan Variance of the oscillator output with 
zero acceleration input. For resonant accelerometer, the optimal 
averaging time ( 𝜏𝑜𝑝)  to achieve minimum Allan Variance 
corresponds to the minimum detectable input acceleration ( 
𝑎𝑚𝑖𝑛(𝜏𝑜𝑝)) within a bandwidth of 1/2𝜏𝑜𝑝. 
III. EXPERIMENTAL RESULTS 
The topology of oscillator circuit is shown in Figure 1. It 
consists of a trans-impedance amplifier (TIA), band-pass filter, 
tunable phase shifter, comparator, tunable potential divider, DC 
bias to provide a polarisation voltage on the resonator and a 
buffer amplifier for output. Based on the conventional 
square-wave MEMS oscillator[20], the tunable potential 
divider is added to control the mechanical nonlinearity[21] of 
the DETF resonator by changing the amplitude of the feedback 
actuation force (𝐹𝐴𝑐𝑡), and the tunable phase shifter is added to 
control the phase feedback (∆). 
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The mechanical design of this resonant accelerometer has 
been presented in a previous paper[11] as schematically shown 
in Figure 2. The resonant accelerometer consists of two 
identical DETF (Double-Ended Tuning Fork) resonators 
enabling differential measurement in response to input 
acceleration. Each sensing DETF resonator is anchored on one 
side and linked to a proof mass on the other side through a pair 
of force amplifiers or levers. When the proof mass experiences 
an external acceleration, the micro-lever amplifies the inertial 
force coupled axially onto the sensing DETF resonator, 
modifying its resonant frequency in a form proportional to the 
input acceleration. A differential frequency output is used to 
provide for first order cancellation of thermal drift in the 
oscillator output.  
The critical design parameters of the resonant accelerometer 
are summarized in Table 1. The prototype devices were 
fabricated in a bonded wafer process employing a wafer-level 
eutectic bonding process for vacuum encapsulation. A getter is 
incorporated within the package as well. Resonator 
characterization conducted over a period of over 24 months 
indicates a stable vacuum environment within the cavity.   
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Fig.2. Schematic of the resonant accelerometer 
 
 
 
 
Table 1: Summary of device design 
Component Value Unit 
Proof mass  1.04 mm
3 
Sensing DETF  280(L)×2.5(W)×40(H) m 
Capacitive gap 2 m 
Lever ratio 56 1 
 
 The resonant frequency of the DETF under no external 
acceleration input is 200.147 kHz when the resonator is biased 
with a 9V DC bias voltage (see Fig.3.) and the scale factor is 
approximately 980 Hz/m/s
2
. The measured quality factor of the 
DETF is about 29700. Figure 4 shows the electrically measured 
open-loop amplitude/phase response of the sensing DETF 
resonator driven by different AC voltage magnitudes and a DC 
polarisation bias voltage of 9V. For this particular device, the 
linear excitation threshold of the AC voltage is about 20mV. 
With increasing excitation voltage, the frequency response of 
the DETF resonator moves from the linear regime to the 
nonlinear regime due to the mechanical spring stiffening effect, 
which can be modelled by the Duffing equation [22, 23], 
 31 1 32 coseff eff m ActM x M k x k x k x F t            (5) 
 
where, k1 is the linear spring constant including the negative 
electrostatic spring, km3 is the cubic spring constant modelling 
geometric stiffening under large transverse beam displacement, 
is the linear damping ratio, and  cosActF t  is the external 
actuation force. The measured amplitude/phase response plots 
shown in Figure 4 is consistent with the above dynamical 
model. This also demonstrates that the nonlinear response of 
the sensing resonator can be modified by tuning the magnitude 
of excitation voltage: The DETF resonator reaches the critical 
bifurcation point when the excitation voltage is increased to 
approximately 32 mV. Further increase in the magnitude of the 
excitation voltage shift the peak response to higher frequencies 
and limits the maximum phase shift to 80 degrees. It is also 
shown that when operated in nonlinear regime, the maximum 
frequency detuning range (VDrive = 158mV) in this study is less 
than 0.5 kHz and results in a decrease of scale factor no larger 
than 0.25%, which is neglected in this analysis.  
 
Fig.3. Measured open-loop linear amplitude and phase frequency response of 
the DETF resonator sense element. 
 
Due to the ultra-high sensitivity of the resonant 
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Fig. 1. Schematic of the tuneable oscillator circuit. 
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accelerometer, the ambient vibration noise measured from our 
vibration-isolated calibration platform [10], which is about 3 
g/Hz
1/2
, is much larger than the intrinsic sensor noise floor. In 
order to study the sensor resolution limited by intrinsic sensor 
noise, the DETF resonator of the sample accelerometer was 
replaced by a DETF resonator on the same chip having 
identical dimensions but not connected to the proof mass.  
 
The frequencies of the vibration insensitive DETF oscillator 
were logged in the absence of any active acceleration input by a 
frequency counter (KEYSIGHT 53230A). The measured 
frequency fluctuations were then captured and demodulated to 
acceleration units using the previously calibrated device scale 
factor. Considering the dummy DETF is less sensitive to 
ambient vibration, the noise of the uncoupled DETF represents 
a value nearer the intrinsic sensor noise floor. 
 
Fig.4. Measured open-loop amplitude and phase frequency response of the 
DETF resonator with varying AC drive voltage magnitudes. 
 
Figure 5 plots the different equivalent acceleration noise 
PSD of the device output while driven by varying AC drive 
voltage magnitudes (DC Bias is 9V) for various cases when the 
sensing resonator is operated in the linear and nonlinear regime. 
The test results in Figure 5 indicate that the sensor resolution 
can be improved by increasing the amplitude of driving voltage 
until the resonator working close to the critical nonlinear point 
(VDrive is 32mV for this particular device). Further increase in 
the amplitude of the drive voltage will move the DETF 
resonator into the nonlinear regime governed by mechanical 
non-linearity. As discussed previously, the operating point of 
the resonator can be set by the phase shift within the feedback 
loop of the oscillator circuit when the resonator is operated in 
the nonlinear regime. It is important to examine how the phase 
shift of the drive voltage with respect to the sense response 
impacts on the sensor resolution. Figure 6 plots the various 
equivalent acceleration noise PSD of the device output with 
constant amplitude but for different phase shifts introduced 
using the tuneable phase shifter in the circuit (see Figure 1). 
The phase-shift from to is gradually increased where 


and 

 are the minimum and maximum 
phase-shift for the nonlinear oscillator to achieve lock-in for a 
drive voltage amplitude of 107 mV. The results shown in 
Figure 6 indicate that an optimal phase-shift value exists to 
maximize the overall resolution when the sensing resonator is 
operated in the nonlinear regime and driven by a constant 
actuation voltage amplitude. Therefore, the PSD equivalent 
acceleration noise plots of the device operated in nonlinear 
regime shown in Figure 6 is shown for the optimized 
phase-shift of the actuation force in the oscillator loop. 
Returning to Figure 5, with further increase in the amplitude of 
driving voltage beyond the nonlinear threshold of sensing 
resonator, the sensor resolution in response to high frequency 
acceleration (> 10 Hz) can be improved but the resolution at 
lower frequencies (< 1 Hz) is degraded. When the driving 
voltage is greater than an optimized value (VDrive is 125mV for 
this particular device), the resolution of the sensor is seen to 
degrade again at higher frequencies. 
 
Fig.5. PSD analysis of the electronic-noise limited resolution with varying 
amplitude of actuation force. 
 
 Table 1 compares the noise PSD of the sensor at 0.1 Hz, 1 
Hz, 10 Hz and 100 Hz input frequencies at different drive 
voltages. Actuating the DETF resonator with a 125 mV driving 
voltage leads to a noise floor of approximately 80 ng/√Hz in the 
frequency range between 20 Hz to 100 Hz, but the resolution 
degrades for frequencies below 10 Hz. In comparison, 
actuating the DETF resonator with a 35 mV driving voltage 
leads to a flat noise floor of approximately better than 1 g/√Hz 
in the frequency range from 0.1 Hz to 100 Hz. 
 
Fig.6. PSD analysis of the electronic-noise limited resolution with varying 
phase shift of the actuation force. 
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The Allan deviation values of the measured frequency 
outputs of the oscillator with different driving voltages are 
plotted in Figure 7. As discussed before, the intrinsic noise 
limited resolution of the resonant accelerometer can be 
correlated to the phase noise of the oscillator. For the Allan 
Variance/Deviation plot, various noise mechanisms underlying 
the measured response can be distinguished by the different 
slopes[24]. The measured results demonstrate that the white 
phase noise and white frequency noise can be reduced with 
increase in driving voltage due to the improved signal-to-noise 
ratio seen at the input of TIA. Meanwhile, the Flicker frequency 
noise and Random Walk frequency noise were increased when 
the resonator was actuated in the nonlinear regime (i.e. beyond 
the bifurcation point) due to the nonlinear noise up-conversion 
effect [25]. Further increase in the driving voltage results in 
increased nonlinearity of the resonator, resulting in additional 
noise pick-up worsening the overall oscillator noise 
performance. Table 2 summarizes the Allan deviation of the 
sensor for different drive voltages. Actuating the DETF 
resonator with a 35 mV drive voltage leads to the best case bias 
stability (Eq.3) of 0.23 g over a 5 second integration time. 
Actuating the DETF resonator with a 107 mV driving voltage 
leads to the lowest bias stability of 0.38 g for 20ms integration 
time, indicating good sensor resolution over a wide bandwidth. 
 
Table 1. Accelerometer Noise Power Spectrum Density vs Drive Voltage of the 
resonator 
Driving 
Voltage  
Noise 
PSD at 
0.1Hz  
(g/Hz
1/2
) 
Noise 
PSD at  
1Hz 
(g/Hz
1/2
) 
Noise 
PSD at 
10Hz  
(g/Hz
1/2
) 
Noise 
PSD at 
100Hz  
(g/Hz
1/2
) 
35 mV 1 0.8 0.8 0.6 
125 mV 10 0.8 0.18 0.08 
155 mV 11.5 1.1 0.28 0.22 
 
White Phase 
Noise (WP) White Freq. 
Noise (WF)
Flicker Freq. 
Noise (FF)
Random Walk 
Freq. Noise 
(RWF)
 Fig.7.  Acceleration Allan Deviation for varying AC drive voltage magnitudes. 
 
Therefore, by using the proposed tuneable oscillator circuit, 
the DETF sensing element in the resonant accelerometer can be 
tuned to operate at the critical nonlinear point (35 mV for this 
particular device) in order to optimize for low frequency 
acceleration measurements or be tuned to operate over a 
moderate non-linear regime (107-125 mV for this particular 
device) in order to optimize resolution for wide bandwidth 
acceleration measurements. 
 
Table 2 Acceleration Allan deviation (AD) of the sensor for different drive 
voltages. 
Driving 
Voltage  
AD 
for 
0.01s 
Aver. 
Time 
(g) 
AD 
for 
0.1s 
Aver. 
Time 
(g) 
AD 
for 1s 
Aver. 
Time 
(g) 
AD 
for 10s 
Aver. 
Time 
(g) 
Minimum 
AD (g) 
35 mV 3.2 0.85 0.37 0.25 0.23 
107 mV 0.56 0.62 1.41 2.87 0.38 
155 mV 1.5 0.87 1.65 4.22 0.71 
 
IV. CONCLUSION 
In summary, this paper presents results on the noise 
performance of a resonant MEMS accelerometer when driven 
in the linear and non-linear regimes by integrating a front-end 
phase feedback oscillator circuit employing amplitude control. 
It is observed that the sensor resolution is a function of the drive 
amplitude and a specific optimum phase criterion exists to 
optimally bias the resonator for low noise response in the 
non-linear regime. The results also point towards a resolution 
tuning approach for MEMS resonant accelerometer by 
switching the DETF sensing resonator between the linear and 
nonlinear regimes in a closed-loop oscillator configuration. 
Thus, the sensor resolution can be tuned electronically by 
varying the amplitude and/or phase of the feedback voltage to 
optimize the response either for precise acceleration 
measurement in a narrow bandwidth or for wide bandwidth 
acceleration measurement with a compromised noise floor. 
Since this tuning approach could be integrated into the 
front-end electronics by simply varying the amplitude/phase 
feedback conditions, it is possible for the same device to be 
tuned for different application requirements by switching 
between drive modes, particularly as the device scale factor is 
not significantly varied by operating in the non-linear regime. 
As the device footprint scales even further and the dimensions 
of the resonating elements reduces, non-linear effects are 
unavoidable and the corresponding effects on sensor resolution 
must be considered alongside the potential increases in 
sensitivity.  The results in this paper should therefore be 
applicable to resonant accelerometers subject to further 
miniaturization scaling where the resonator beams demonstrate 
early onset of non-linear effects. 
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